The configuration-interaction ͑CI͒ method is used to investigate the interactions of positrons and positronium with copper at low energies. The calculations were performed within the framework of the fixed-core approximation with semiempirical polarization potentials used to model dynamical interactions between the active particles and the (1s-3d) core. Initially, calculations upon the e ϩ Li system were used to refine the numerical procedures and highlighted the extreme difficulties of using an orthodox CI calculation to describe the e ϩ Li system. The positron binding energy of e ϩ Cu derived from a CI calculation which included electron and positron orbitals with ᐉр18 was 0.005 12 hartree while the spin-averaged annihilation rate was 0.507 ϫ10 9 s Ϫ1 . The configuration basis used for the bound-state calculation was also used as a part of the trial wave function for a Kohn variational calculation of positron-copper scattering. The positron-copper system has a scattering length of about 13.1a 0 and the annihilation parameter Z eff at threshold was 72.9. The dipole polarizability of the neutral copper ground state was computed and found to be 41.6a 0 3 . The structure of CuPs was also studied with the CI method and it was found to have a binding energy of 0.0143 hartree and an annihilation rate of ϳ2ϫ10 9 s Ϫ1 .
I. INTRODUCTION
The bound state of a positron and a neutral copper atom was shown to be stable with a binding energy of 0.005 518 hartree in an application of the fixed-core stochastic variational method ͑FCSVM͒ ͓1͔. Subsequently, the configuration-interaction ͑CI͒ method was used to confirm the prediction of positron binding to copper ͓2͔. The difficulties of representing a highly correlated electron-positron pair using single-particle orbitals centered on the nucleus means that CI calculations require an orbital basis containing terms with high angular momentum. The initial CI calculation used a large basis containing terms up to ᐉϭ14, but the radial basis was an ad hoc basis constructed from Slater-type orbitals ͑STOs͒. While this first CI calculation was able to confirm the stability of positronic copper, the resulting binding energy, 0.003 69 hartree was only about 65% of the FCSVM binding energy. A better CI calculation was performed by Dzuba et al. ͓3͔ who solved the Dirac equation in a finite range box of radius 30a 0 while using a B-spline basis to represent the radial dependence of the wave function. The advantage of the B-spline basis was that the convergence of the energy with the number of basis functions could be studied systematically. Confining the system inside a box meant that the convergence of the energy with respect to the number of ᐉ terms in the single-particle basis was accelerated. The final energy quoted by Dzuba et al., 0 .006 25 hartree, incorporated a correction to the energy which took the final size of the box into consideration.
In the present work, the CI method is used in conjunction with a model Hamiltonian derived from the Hartree-Fock core to determine the structure of e ϩ Cu. The radial dependence of the orbitals used to model the wave function of the active electron and the positron was described by a large basis of Laguerre-type orbitals. In this respect, the calculation is close to convergence. The angular basis included terms up to ᐉϭ18 and about 94% of the binding energy was obtained by explicit calculation. The convergence of the annihilation rate was somewhat slower with ᐉ, but about 75% annihilation rate was obtained by explicit calculation. A subsidiary calculation was undertaken to determine the polarizability of the ground state of neutral copper, since the standard polarizability tabulation ͓4͔ gives two recommended values.
Calculations of positronic lithium (e ϩ Li͒ by the CI method were also done. This CI calculation was very exacting as positronic lithium consists of a very strongly correlated e ϩ -e Ϫ pair located far from the nucleus. Positronic lithium is one of the best examples of a positron binding system that is not suitable to treatment by the CI method ͓5,6͔. The calculation was undertaken purely and simply to determine what it would take to get an explicit prediction of positron binding to Li with the CI method, and to highlight the difficulties of performing CI calculations upon such systems. The program development necessary to handle the exacting e ϩ Li calculations had one useful byproduct. The numerics of the program had to be made very robust and consequently the CI calculations upon e ϩ Cu were straightforward by comparison.
The CI program used to perform the bound-state calculations was adapted to perform scattering calculations using the Kohn variational method. This was applied to positron scattering from copper, giving estimates of the scattering length and the annihilation parameter Z eff for the Lϭ0 partial wave. The present calculation of Z eff during a collision process is particularly timely as there has been renewed interest in understanding the dynamics of positron annihilation during collision processes ͓7-12͔.
Finally, the model Hamiltonian used for the positroncopper studies was also used in a CI calculation of the CuPs binding energy and annihilation rate. The neutral positro-*Electronic address: jxm107@rsphysse.anu.edu.au nium ͑Ps͒ atom is known to bind to a number of one-electron atoms. Since the theoretical demonstration that positronium hydride ͑PsH͒ was bound in 1951 ͓13͔, a variety of computational methods have been used to study the structure of PsH with the result that its binding energy and annihilation rate are now known very precisely ͓14 -16͔. Positronium binding to three of the alkali atoms, Li ͓17͔, Na ͓17͔, and K ͓18͔ has also been established. The electronic stability of CuPs was established in a previous CI calculation ͓19͔, but this calculation was really an exploratory calculation and did not aim to achieve a converged estimate of the binding energy and annihilation rate. The present calculation gives a greatly improved description of the CuPs system.
II. DETAILS OF THE CALCULATION
The CI method, as applied to positron-atomic systems, has been discussed previously ͓19,20͔, so only a brief description is given here. All calculations were done in the fixed-core approximation. The model Hamiltonian for the system is
The direct potential (V dir ) represents the interaction with the core which was derived from the Hartree-Fock ͑HF͒ wave function of the neutral atom ground state. The Hartree-Fock wave functions were computed with the program described by Mitroy ͓21͔ and the basis set of Koga ͓22͔ was used. The exchange potential (V exc ) between the valence electron and the HF core was computed without approximation. The one-body polarization potential (V p1 ) is a semiempirical polarization potential derived from an analysis of the spectrum of the parent atom. It has the functional form
The factor ␣ d is the static dipole polarizability of the core and g ᐉ 2 (r) is a cutoff function designed to make the polarization potential finite at the origin. The same cutoff function has been adopted for both the positron and electron. In this work, g ᐉ 2 (r) was defined to be
where l is an adjustable cutoff parameter. The two-body polarization potential (V p2 ) ͓5͔ is defined as
The parameters of the core-polarization potential for Li ϩ and Cu ϩ are listed in Table I . The Li ϩ core has a small polarizability (0.1925a 0 3 ) ͓23͔ which exerts only a minor influence on the behavior of the valence particles. The Cu ϩ core polarizability is 5.36a 0 3 ͓24͔. The positronic atom wave function was a linear combination of states created by coupling electron orbitals j (r 1 ) and positron orbitals j (r 0 ) with Clebsch-Gordan coupling coefficients,
The single-particle orbitals are written as a product of a radial function and a spherical harmonic,
The starting point for these calculations was a HF calculation for the ground states of the neutral atoms. These HF orbitals are written as a linear combination of STOs, ͓21,22͔ and, therefore, it was sensible to use a linear combination of STOs and Laguerre-types orbitals ͑LTOs͒ ͑see Ref.
͓20͔ for a definition of the LTOs͒ to describe the radial dependence of valence electrons occupying orbitals with the same angular momentum as those in the ground state. The STOs act to give a good representation of the wave function in the interior region while the LTOs describe the wave function further from the nucleus. The set of orbitals ͕ i ͖ completely spanned the space defined by the raw STO and LTO basis functions since the total number of orbitals was equal in dimension to that of the combined STO ϩ LTO basis. It should be emphasized that the mixed basis was only used for the ᐉϭ0 electron orbitals of e ϩ Li, and the ᐉϭ0, 1, and 2 electron orbitals of e ϩ Cu, all other symmetries used a pure LTO basis. As is usual with a Laguerre basis, the LTO functions used a common exponential parameter ␣ for a given ᐉ ͓20͔. A Gram-Schmidt orthogonalization of the orbital set was performed to ensure that all the electron and positron orbitals were orthonormal. The exponents for the LTOs were optimized manually. When ᐉу4 the exponents for the electron and positron orbitals were the same. This was expected since the dominant one-body term in the effective Hamiltonian is the ᐉ(ᐉϩ1)/(2r 2 ) operator. The CI basis was constructed by populating all the possible Lϭ0 configurations that could be formed by letting the electron and positron occupy the orbitals subject to the selection rule, max͑ᐉ 0 ,ᐉ 1 ͒рL max . ͑7͒ 
The power series is easy to evaluate since the coefficient ⌬ and p are trivially determined from two successive values of
There is a degree of uncertainty attached to the extrapolation since the asymptotic form in L max ͑i.e., p) is not known for many operators. Recently, Gribakin and Ludlow ͓27͔ showed that pϭ4 and pϭ2, when the energy and annihilation increments were computed using second-order perturbation theory. However, as will be seen, the asymptotic region for p E is not reached for L max as large as 18 in the case of e ϩ Cu or even 30 in the case of e ϩ Li.
III. REVISION OF THE FCSVM ENERGY FOR e ¿ Cu
The short-range part of the core-polarization potential, i.e., g(r) in Eq. ͑3͒ is approximated by a linear combination of Gaussians in FCSVM calculations. The set of Gaussians originally used in Ref. ͓1͔ has been replaced by an improved set which more faithfully reproduces the exponential cutoff, g(r), over the radial range of interest.
Repeating the FCSVM calculation with the improved core polarization gave a binding energy of 0.005 597 hartree. The spin-averaged rate for annihilation with the valence electron was 0.544ϫ10 9 s Ϫ1 while the core annihilation rate was 0.033 94ϫ10 9 s Ϫ1 . The mean distance of the positron from the nucleus was 8.662a 0 , while the mean distance of the electron was 3.578a 0 . The mean electron-positron distance was 7.724a 0 .
The revised FCSVM binding energy for neutral copper was 0.282 931 hartree, while the electron affinity was 0.034 267 hartree.
IV. CALCULATION RESULTS

A. Tests of the model potentials
Lithium
The model Hamiltonian for Li is almost exactly the same as the model potential used for earlier FCSVM calculations ͓5,6͔. The accuracy with which this model describes the structure of Li and Li Ϫ has been discussed in these previous works ͓5,6͔.
The structure of neutral Cu
The ability of the underlying potential to give a good description of neutral copper is of course crucial in describing the interaction of the positron with these atoms. Although no explicit calculations upon Ag have been done, the present calculations also have implications for the dipole polarizability of Ag. Once again, there are two recommended values ͓4͔, they are 48.4a 0 3 ͓33͔ and 57.8a 0 3 ͓34͔. The good agreement obtained with the result by Doolen ͓33͔ for Cu suggests that 48.4a 0 3 should be adopted as the preferred polarizability for Ag.
The earlier FCSVM calculations upon e ϩ Cu used a model potential that was very similar to the present model potential with the major difference being the form of the cutoff parameter in the polarization potentials. The FCSVM calculation used a single value of ϭ2.0a 0 , irrespective of the angular momentum state of the valence particles. The dipole polarizability of neutral copper in this potential was 42.5a 0 3 . The ab initio many body perturbation theory ͑MBPT͒ core-polarization potential of Dzuba et al. ͓3͔ underestimates the strength of the core-polarization potential. Therefore, the core-polarization potentials for individual ᐉ values were rescaled to bring the binding energies into agreement with experiment. Dzuba et al adopted the following scaling factors, 1.18 for ᐉϭ0, 1.42 for ᐉϭ1, and 1.8 for ᐉϭ2.
The electron affinity of Cu
The results of a series of calculations for the Cu Ϫ ground state with successively larger basis sets are listed in Table III . The basis used to calculate the electron affinity ͑EA͒ was the same as the electron orbital basis used for the e ϩ Cu calculations. The present EA of 0.033 46 hartree is marginally smaller than the FCSVM electron affinity of 0.034 267 hartree and about 25% smaller than the CI-MBPT EA of Dzuba et al., 0.0447 hartree. The experimental EA is 0.045 41 hartree ͓37͔.
The different way these calculations treat core polarization can explain a major part of the difference in the EA. The FCSVM and CI calculations define the short-range cut off factor empirically, and use it in the one-and two-body polarization potentials. Usage of an ᐉ-dependent cutoff parameter in the CI calculations only results in a minor change to the EA.
Dzuba et al. ͓3͔ appear to treat one-and two-body polarization potentials differently. As mentioned earlier, they scale their ᐉ-dependent core-polarization potential by multiplying factors to obtain agreement with experiment. However, they do not appear to multiply the two-body polarization potential by any sort of equivalent factor ͑no explicit statement about this is made in Ref. ͓3͔, but later calculations upon Ag Ϫ and Au Ϫ by the same group ͓38͔ state no scaling is done to the two-body potential͒. Therefore their one-and two-body polarization potentials could be inconsistent in the asymptotic region. The a priori justification for usage of a polarization potential that is rescaled for just one part of the corepolarization potential is uncertain. The effect of the two-body polarization potential is to decrease the EA. So although CI-MBPT gives an electron affinity in agreement with experiment, this has been obtained by the expedient of deciding to strengthen only that part of the core-polarization potential that increases the electron affinity. The electron affinity obtained by Dzuba et al when they used their purely ab initio core-polarization potential was 0.4130 hartree, about 10% smaller than experiment.
The procedure of Dzuba et al. was mimicked by weakening the strength of the two-body part of the core-polarization potential by multiplying it by a scaling factor of 0.70. When this was done, the EA increased to 0.038 06 hartree. Thus about half of the difference between the calculated EA and experiment can be recovered by weakening the strength of the two-body potential. The remainder of the difference can probably be attributed to effects not taken into account by the present calculation. They are relativistic effects, inclusion of other polarities of the polarization potential, and other dynamical effects due to the weak binding of electrons in the 3d 10 core.
B. e ¿ Li results
The results of a series of successively larger calculations using the LTO basis sets are reported in Table IV . All energies are given relative to the energy of the Li ϩ ground state which is adopted as the zero-energy position. The largest calculation included angular terms up to L max ϭ30 had a minimum of 15 LTOs per spherical harmonic, and had a total of 7022 configurations. This calculation gave an energy of Ϫ0.250 107 8 hartree. Despite the inclusion of a large number of single-particle orbitals, the condition for binding is only just satisfied by 0.000 107 8 hartree. The exponents of the LTOs for each ᐉ are not particularly well optimized. An optimization of the exponents was done when L max ϭ20. However, during the course of these calculations it had been noticed that the optimal values of the LTO exponents for a given ᐉ generally changed as L max was increased. Thus, the binding energy of 0.000 107 8 hartree is not believed to represent the variational limit for L max ϭ30.
The FCSVM calculations suggested that the e ϩ Li system consisted of a deformed Ps atom orbiting the Li ϩ core ͓5͔. Table IV is the very slow convergence with L max . Building up the wave function for a Ps cluster located at approximately 10a 0 from the nucleus requires a very large partial-wave expansion. The slow but steady buildup of the Ps cluster was also seen in the gradual increase in the annihilation rate.
The slow convergence of the wave function is also apparent in the partial-wave decomposition given in Table VI . The percentage of the valence wave function comprising orbitals with ᐉϭJ is defined as
Only 32.7% and 30.2% of the CI wave function comes from the Jϭ0 and Jϭ1 partial waves. A projection of the FCSVM wave function for e ϩ -Li gave 25.1% and 25.9% of the wave function in these partial waves ͓5͔. The difference between these percentages was expected since the CI wave function is not converged with respect to further increase of L max .
The behavior of the mean positron radius ͗r p ͘ is not monotonic. Initially, the positron drifts into the atom as L max is increased. Then, after achieving a minimum value, the positron starts to drift away from the atom. This outward drift is accompanied by an outward drift in the mean radius of the electron ͗r e ͘. Figure 1 shows values of p E computed from Eq. ͑10͒ as a function of L. It is noticeable that energy increments for e ϩ -Li do not agree with the expected analytic form ͓27͔, namely, p E ϭ4, even when L max ϭ30. Although it is possible that the energy is not absolutely stable with respect to further increase in the radial basis, one intuitively expects that a better radial basis would lead to slightly smaller values of p E at larger values of ᐉ and this would further enlarge the discrepancy with the Gribakin and Ludlow estimate. The behavior of p ⌫ as a function of L max is shown in Fig. 2 . The value of p ⌫ increases steadily as a function of L max and is slightly larger than 2 at L max ϭ30. It is not clear whether the tendency for p ⌫ to overshoot the expected value of 2 ͓27͔ is due to a radial basis that is not quite converged or whether it is an intrinsic property of the CI method.
The extrapolations to the L max →ϱ limit using Eq. ͑8͒ are only included in Table IV for completeness. Given that the variational optimization of the radial basis is uncertain, the L max →ϱ limits should be regarded as indicative rather than as a serious estimate of the binding energy and annihilation rate.
C. The structure of e ¿ Cu
The properties of e ϩ Cu, as given by the current CI calculation, are summarized in Table V . The system has a binding energy of 0.005 12 hartree, which is slightly smaller than the binding energies given by the FCSVM and CI-MBPT calculations. The explicit calculation gives about 95% of the binding energy with the remainder coming from the L max ϭ19 →ϱ extrapolation.
The present energy should be relatively close to converged. The L max ϭ18 binding energy changed by about 0.000 03 hartree when the number of radial functions for ᐉ у4 was changed from 14 to 15. The present binding energy is 10% smaller than the FCSVM binding energy of 0.005 597 hartree and about 20% smaller than the CI-MBPT binding energy of 0.006 25 hartree. Figure 1 and Table V show the convergence of successive increments to the binding energy as a function of L max . Once again, the convergence of the incremental contributions to the expected asymptotic form with p E ϭ4 is slow. It is probable that the successive increments to only achieve the asymptotic form when the binding energy is already converged for all practical purposes. In a previous work on the alkaline-earth elements ͓39͔, the fact that the energy increments had not reached their asymptotic form meant that a more involved approach to the extrapolation correction was warranted. The extra complexity is hardly needed here since only 5% of the binding energy comes from the extrapolation.
The energy difference between the FCSVM and CI calculation is mainly due to the different core-polarization potentials. As mentioned earlier, the polarizability of the Cu ground state computed with the FCSVM core-polarization potential was 42.5a 0 3 , which is slightly larger than the polarizability when computed with the CI model potential of 41.7a 0 3 . Therefore, the slightly smaller e ϩ Cu binding energy could be a consequence of a model atom with a slightly smaller dipole polarizability. This has been checked by repeating the CI calculations with ᐉ ϭ2.0a 0 for all ᐉ ͑this is equivalent to the core-polarization potential used for the FCSVM calculation͒. When this was done, the L max ϭϱ binding energy increased to 0.005 47 hartree, the remaining discrepancy with the FCSVM binding energy of 0.005 597 hartree can probably be attributed to the radial basis.
The differences with the CI-MBPT binding energy of 0.006 25 hartree ͓3͔ are also likely to be the consequence of two different core interactions. As mentioned earlier, the CI MBPT core-polarization potential was scaled by multiplying the one-body potential by scaling factors between 1.18 and 1.80. Since a corresponding scaling factor was not applied to the two-body potential, it is likely that strength of their V p2 potential is too small. Since the two-body e ϩ -e Ϫ corepolarization potential generally decreases the positron binding energy it is not surprising that the CI-MBPT binding energy is larger than the other predictions of the binding energy. It should also be noted that the CI-MBPT calculation was a relativistic calculation ͓3͔.
The energies from these three different model Hamiltonians give an indication of the uncertainty in the positron binding energy. The small differences in the binding energies further strengthen the evidence for the stability of e ϩ Cu. One of the largest areas of uncertainty is the specification of the core-polarization potential acting on the positron. It is quite likely that the present calculation, with a polarization potential tuned to the electron-core interaction, underestimates the strength of this potential. Comparisons of the scattering lengths of He, Ne, and Ar for electron and positron scattering ͓12͔ suggest that the positron core-polarization potential is stronger than the electron core-polarization potential. The sensitivity of the calculation to the positron core-polarization potential can easily be estimated by repeating the calculation with a different set of cutoff parameters. The one-body parameters for V p1 (r 0 ), ᐉ , were all reduced by 0.20a 0 and the two-body parameter p2 was reduced by 0.10a 0 . When this was done the L max ϭϱ binding energy was 0.005 23 hartree. A reduction in ᐉ by 0.20a 0 does represent a substantial increase in the strength of V p1 (r 0 ), but it only results in a 2% increase in the size of the binding energy. Similarly, the correlation-polarization potential used in the CI-MBPT calculation probably underestimates the strength of this potential since the strong electron-positron correlations are difficult to represent in an orthodox MBPT expansion ͓7,17͔.
The breakdown of the e ϩ Cu wave functions listed in Table VI shows that the high ᐉ terms comprise a significant part of the wave function. The Jϭ0 and Jϭ1 terms comprise 84.9% and 9.67% of the CI wave function. These are reasonably close to the percentages obtained from the projections of the FCSVM wave function listed in Table VI. The L max ϭ18 annihilation rate, ⌫ v was only 0.355 ϫ10 9 s Ϫ1 . Upon extrapolation with p ⌫ ϭ2.10 a value of 0.474ϫ10 9 s Ϫ1 is obtained. This is about 20% smaller than the FCSVM annihilation rate. Only a small part of this difference can be attributed to the different binding energies of these two models. It has been shown ͓11,12͔ that the ratio ⌫ 2 /Ϸ6.4ϫ10 19 s Ϫ2 hartree Ϫ1 for positronic atoms with a parent ionization potential greater than 6.80 eV. Positronic atoms with a smaller binding energy have a longer exponential tail which means the positron is less likely to annihilate with the valence electrons. Therefore a calculation that has a binding energy that is 10% smaller will generally give an annihilation rate which is 5% smaller. We suspect that the bulk of the difference with the FCSVM annihilation is related to the radial basis. It has been noted during the course of these calculations that the annihilation rate was more sensitive to the inclusion of additional orbitals than was the binding energy. The value of p ⌫ is larger than the asymptotic value of 2 suggested by the analysis of Gribakin and Ludlow ͓27͔. This could be an indication that further optimization of the radial basis is desirable. 
V. SCATTERING OF POSITRONS FROM Cu
The annihilation rate during a collision with an atom or molecule is characterized by the Z eff parameter, which can be interpreted as the number of electrons available for annihilation during a collision. In the simplest model of annihilation, namely, the plane-wave Born approximation, Z eff is equal to the number of electrons in the atom or molecule ͓40͔. This is sometimes called the Dirac rate.
One of the salient features of the early annihilation experiments was that the measured Z eff was much larger than the Dirac rate ͓41͔. At that time the suggestion was made that positrons forming bound states with the gas molecules were somehow responsible for the large rates ͓41-43͔. As time evolved, further research resulted in experiments yielding ever larger values of Z eff , for example, heptane with 58 electrons has a Z eff of 242 000 ͓44͔. The details of how the bound states actually increased Z eff were somewhat vague until a model was advanced in which Z eff was proportional to the density of vibrational levels ͓7,10͔.
The tendency to associate bound states with large values of Z eff immediately raises the question of whether the converse is true. Is the threshold Z eff always large when the scattering system supports a bound state? An initial answer to the question can be determined by applying effective range theory to the problem ͓12͔. The real part of the scattering length A is given by
while at zero energy Z eff becomes
͑13͒
In these equations, is the binding energy expressed in hartree while the annihilation rate is given in s Ϫ1 . A similar equation has been derived by Gribakin ͓11͔ using a different technique. It is worth noting that similar techniques have been long used in nucleus physics to relate the binding energy and lifetimes of hadronic atoms to the determination of the low-energy elastic and absorption cross sections ͓45-47͔.
The application of effective range theory to e ϩ Cu using the FCSVM energy and annihilation rate gave a scattering length of 9.45a 0 and a threshold Z eff of 60.8 ͓12͔. Usage of the CI binding energy and annihilation rate would give similar values for the scattering length and Z eff which do not need to be given here.
More refined estimates of the threshold Z eff and scattering length have been determined by tuning a model potential to the properties of the e ϩ Cu ground state, and then using that model potential in a solution of the Schrödinger equation ͓12͔. This gave a scattering length of 11.8a 0 and a threshold Z eff was 96.4. These two calculations, with their broadly consistent results, gave an indication that the existence of an e ϩ atom bound state did not necessarily imply a large threshold Z eff .
However, an explicit solution of the Schrödinger equation is also desirable to give an absolute demonstration that the e ϩ -Cu scattering system has only a moderately large Z eff . In this section, the results of a Kohn variational calculation reporting the scattering length and threshold Z eff for the Lϭ0 partial wave are given.
Application of the Kohn variational method
The Schrödinger equation was solved at zero energy by converting the CI program to handle a Kohn variational calculation. This involved adding two additional basis functions to the calculation. These functions were
where 4s (r 1 ) is the wave function of the Cu ground state and A is the scattering length. The ͓1Ϫexp(Ϫ␤r 0 )͔ factor is used to make c go to zero as r 0 →0. The factor ␤ was set to 2.0 for the present calculations. The scattering lengths and Z eff were insensitive to the precise value chosen for ␤. The trial wave function had the form
The short-range functions were almost the same as the basis used in the calculation of the e ϩ Cu ground state. Some extra positron orbitals for the ᐉϭ0,1, and 2 partial waves were added to better describe the positron at large distances from the nucleus were added to the basis. A total of 50 ᐉϭ1 LTOs were used for the positron wave function since it is the ᐉ ϭ1 LTOs that represent the relaxation of the positron in the field of the dipole polarization potential. The radial integrals were performed to a maximum radius of 625a 0 . It is believed the scattering length is converged to better than 5% with respect to further enlargements of the radial basis.
The annihilation parameter Z eff is calculated from the scattering wave function by the identity ͓8,40,48͔, where ⌿(r 0 ;r 1 , . . . ,r N e ) is the total wave function of the system and Ô s is a spin-projection operator that only allows annihilation to occur in the singlet state. In the plane-wave Born approximation, the positron wave function is written as a plane wave and the annihilation parameter is equal to the number of atomic electrons, i.e., Z eff ϭN e .
The details of the annihilation rate calculation were checked by performing calculations upon the e ϩ -H system. The value of Z eff for the Jϭ0 partial wave at kϭ0.5a 0 Ϫ1 in the three-state H(1s, 2s, 2p) close-coupling approximation, namely, 0.4465, is in agreement with that previously determined in a momentum-space T-matrix calculation ͓8͔, namely, 0.4464. The contributions to Z eff from the valence and core electrons were computed separately and denoted as Z eff c and Z eff v . The scattering length for e ϩ -Cu scattering is shown in Fig. 3 
VI. THE STRUCTURE OF CuPs
In the present section, the CI method is used to determine the structure and binding energy of CuPs. The CuPs system is relatively amenable to treatment by the CI method as the Ps cluster was localized relatively close to the nucleus. Generally the closer the Ps cluster is to the nucleus, the more quickly convergent the wave function is with L max .
Technical details
All details of the effective Hamiltonian ͑apart from the additional valence electron͒ are exactly as that used earlier.
The atomic wave function is taken to be a linear combination of states created by coupling antisymmetric atomic states to single-particle positron states; viz,
͑19͒
The CI basis consisted of all the possible Lϭ0 configurations that could be formed by letting the two electrons and positron populate all the single-particle orbitals with two restrictions. Suppose ᐉ 1 and ᐉ 2 are the orbital angular momenta of the two electrons in a given CI basis function, then the rules
define the basis. The selection rule involving L int is used to reduce the dimension of the CI basis without compromising the accuracy of the wave function. A previous study of PsH showed the choice L int ϭ3 could halve the dimension of the resulting secular equations with less than a 1% change in the binding energy ͓20͔.
The condition for binding is that the energy of the CuPs state be lower than the energy of the Ps͑1s͒ ϩ Cu͑4s͒ dissociation channel. The binding energy for a particular basis is thus defined as ϭ͉E(CuPs)͉Ϫ(0.283 941 2ϩ0.250) and binding occurs when is positive. ͓Note, the Cu͑4s͒ energy of 0.283 941 2 hartree is slightly different from that given in Table I due to a smaller LTO basis for the ᐉϭ0 electron.͔ Table VII gives energies and expectation values for a series of calculations with increasing L max . The number of Laguerre orbitals of a particular type are also listed in the table. The largest calculation included single-particle orbitals up to L max ϭ10 and this calculation included 63 762 configurations. The exponents of the orthogonal Laguerre orbitals were optimized manually.
The L max ϭ10 estimate of the binding energy was 0.010 732 hartree. Using the L max ϭ8,9, and 10 calculations to extrapolate to ϱ gave a binding energy of 0.015 58 hartree. The correction to the binding energy was almost 50%. With such a large correction, some estimate of the uncertainty in the correction is desirable and the procedure increased from 0 to 3. The exception was the binding energy , which doubled in size as L int increased from 0 to 3. However, the convergence pattern suggests that is converged to better than 5% with respect to further enlargement of L int . Other quantities would appear to be converged at the 1% level with respect to a further increase in L int .
The explicitly calculated annihilation rate (⌫ v ) at L max ϭ10, 1.12ϫ10 9 s Ϫ1 is only about half of the extrapolated annihilation rate of 2.03ϫ10 9 s Ϫ1 . The value of p ⌫ derived from the L max ϭ8,9, and 10 calculations was 1.48. Choosing p ⌫ ϭ2 gave ⌫ v ϭ1.576ϫ10 9 s Ϫ1 while an intermediate p ⌫ of 1.74 gave ⌫ v ϭ1.735ϫ10 9 s Ϫ1 . The annihilation rates for PsH ͓14͔, LiPs ͓17͔, and NaPs ͓17͔ suggest that the CuPs annihilation rate should be slightly greater than 2.0 ϫ10 9 s Ϫ1 . The present annihilation rate is consistent with this idea when the uncertainties relating to the convergence of the CI wave function are taken into consideration.
VII. CONCLUSIONS
The CI method has been used to compute the binding energies and annihilation rates for e ϩ Li and e ϩ Cu. The calculations upon e ϩ Li dramatically reveal the difficulties associated with performing a CI calculation upon a system that can be regarded as a Ps cluster orbiting a residual ion core at large distances from the nucleus.
The calculations upon the e ϩ Cu ground state complement the previous calculations for this system ͓1,3͔. Variations in the details of the core-polarization potential contribute to three different binding energies ranging from 0.0051 to 0.0062 hartree. It is clear that the specification of the corepolarization potential represents the largest source of uncertainty in understanding the positron-copper interaction. The extent to which the core-polarization potential is also compensating for relativistic shifts in the energy also requires clarification.
The Kohn variational calculations for e ϩ -Cu scattering gave 13.07a 0 for the scattering length and 72.91 for the threshold Z eff . These calculations were not performed in the expectation that they would motivate an experimental investigation. Due to its high melting temperature and the existence of a low-lying metastable state, a gas of neutral copper atoms in the ground state is rather hard to make. Instead, these calculations were performed to improve understanding about the dynamics of the positron annihilation process. The present calculations demonstrate in a convincing manner that atoms that have an ionization potential not much larger than 6.80 eV, and which can bind a positron do not necessarily have a very large Z eff at threshold.
The CI method has been used to compute the binding energies and other expectation values for CuPs. The present best estimate of the binding energy, 0.0143 hartree, is about four times as large as that reported previously ͓19͔. 
